Background: Individualization of high dose regimen of methotrexate (MTX) in pediatric patients with acute lymphoblastic leukemia based on pharmacokinetic (PK) parameters can help in optimization of the dose and better control of the disease. Building up of a pharmacokinetic model can help dose optimization. Objectives: A NONMEM based population (POP) PK model has been subsequently developed to evaluate the effect of demographics as covariates to address variability in pharmacokinetics of MTX. Method: Forty one patients (24 males & 17 females) with ranges of age, body weight and height of 3 -15 years, 13 -54 kg and 100 -177 cm respectively and diagnosed as acute lymphoblastic leukemia (ALL) were involved in the study. MTX was administered as i.v. infusion at a dose of 2 gm/m 2 over a period of two hour and its plasma concentrations were determined primarily at 24 hr post-dose to be utilized in the building-up of PK model.The initial/prior estimates of volumes of central (V 1 ) and peripheral compartments (V 2 ) and clearance (CL) and inter-compartmental clearance (Q 2 ) for MTX were extracted from literature. The inter-subject variability was estimated for V 1 & CL. The influence of different covariates on model performance and parameter estimates was assessed by evaluating the difference in objective function value. The final POP PK model was validated by bootstrap re-sampling procedures (1000 runs) and the 95% confidence intervals for the estimates were calculated. Results: The POP estimates for CL, V 1 and V 2 were 2.18 L/h, 5.74 L and 11.2 L respectively. The inter-individual variability for the CL and V 1 was 23% and 30% respectively. The covariates analysis showed effect of body surface area and sex on the CL and weight on V 1 . Conclusions: The POP-PK model developed adequately defines the population PK of MTX in pediatric patients with lymphoblastic leukemia. The model showed effect of body surface area and sex on clearance and weight on volume of distribution of the MTX. Further studies are required on larger number of patients with enrichment of samples for MTX concentrations. The developed PK model should be also investigated in correlation with the genotyping style of different MTX transporters that may affect MTX PK parameters.
Introduction
Acute lymphoblastic leukemia (ALL) is one of the frequent hematological cancers in children [1] . High dose methotrexate (HDMTX) is a substantial part of the effective treatment of that disease [2] . It achieves high plasma concentrations of the drug that can increase logically the incidence of MTX toxicity especially if drug elimination will be delayed [3] . On the other hand, higher systemic clearance of MTX/low systemic exposure may lead to a greater risk of relapse of the disease though debatable [4] [5] [6] .
In Upper Egypt Oncology Institute, Assiut University Hospital, Egypt, MTX is used at relatively high dose in pediatric patients with ALL and therapeutic drug monitoring is applied usually 24 h after the dose of the drug.
In the present study, we develop for the first time a population pharmacokinetic (POP-PK) model of MTX to define the different pharmacokinetic (PK) parameters in the Egyptian pediatric patients with ALL and to evaluate the effect of demographics and co-administered drugs as covariates to address variability in its pharmacokinetics.
Material and Methods

Patients and Drugs
In the period 2008-2010, 41 patients (24 males & 17 females) less than 18 years and diagnosed as acute lymphoblastic leukemia were enrolled in the study. The mean age (years), body weight (kg) and height (cm) ± SD of the patients were 6.5 ± 3.4, 17.6 ± 9.9 and 117.2 ± 19.4 respectively. The ranges of age, body weight and height were 3 -15 years, 13 -54 kg and 100 -177 cm respectively. They all have received high dose methotrexate (MTX) according to the treatment protocols followed in the oncology unit. Patients were diagnosed as acute lymphoblastic leukemia (ALL) if at least 25% lymphoblasts were present in the bone marrow (BM) in addition to examination of both BM and peripheral blood smears as well as cerebrospinal fluid (if required) for malignant cells. Treatment applied to the patients followed the protocols applied in St. Jude Research Hospital for treatment of ALL (i.e. BFM 90, high risk I or II, or total XIII) [7] .
Methotrexate (MTX) was administered as intravenous infusion at a dose of 2 gm/m 2 over a period of two hour (according to the regimen followed in the hospital) to achieve concentrations in the range of <5 μM at 24 h, and <0.5 μM at 48 h. The treatment protocol consists of 3 cycles of chemotherapy that are given every month for a total of 9 doses. The different treatment regimens used during study involved co-administration of drugs e.g. vincristine, ifosfamide, daunorubicin, L-asparaginase and leucovorin. MTX plasma concentrations determined primarily at 24 hr post-dose were utilized in the building-up of the PK-model. Additionally, any concentrations when available at 48 and 72 hr post dose for any patient were utilized in the pharmacokinetic analysis.
All patients had normal liver & kidney function. The demographics of the study population are listed in Table  1 .
Pharmacokinetic (PK) Modeling and Data Analysis
Data were analyzed using the nonlinear mixed-effect modeling approach [8] using NONMEM (version 7.12) where two-compartment model for intravenous infusion and linear elimination (ADVAN3, TRANS4) has been used to fit MTX concentration data. The first-order conditional estimation method with interaction (FOCEI) implemented in NONMEM was applied for the PK estimation. The mean population clearance (CL), volume of distribution in central (V 1 ) and peripheral compartment (V 2 ), Inter-subject variability in CL and V 1 , as well as residual error in plasma MTX concentrations were estimated. The initial/prior estimates of clearance (CL), volumes of distribution of both central (V 1 ) and peripheral compartments (V 2 ) and inter-compartmental clearance (Q 2 ) were extracted from previous studies on the MTX [7] [8] [9] [10] [11] . The number of observations utilized in PK analysis for each subject was limited by MTX concentration primarily at 24 h (and also at 48 and 72 hr post infusion whenever available/patient). The inter-compartment clearance between central and shallow peripheral compartment (Q 2 ) was fixed to literature value.
Different covariates including age, body weight, height, body surface area (BSA), body mass index (BMI), gender and creatinine clearance were assessed if influencing the model performance and parameter estimates. Investigation of covariate-parameter relationships was based on the range of covariate values in the dataset, scientific interest, mechanistic plausibility, exploratory graphics, and previously reported covariate-parameter relationships for MTX. Assessment of each covariate was based on evaluating the difference in objective function value (OFV). The covariates were added to final base model by a standard approach to model selection (forward addition/backward elimination). Body surface area, gender and weight were found to be covariates influencing the final model. The equations applied to check the influence of different covariates on the model as well as estimation of the prediction error model were all derived from the NONMEM library [8] .
For continuous covariates, a power function was utilized (Equation (1)):
where TVPi is the typical value of a PK parameter (P) for an individual i with a COVi value of the covariate, while θ1 is the typical value for an individual with a median covariate value of COVmed and θ2 is the exponent of the power function. For categorical covariates, the fractional change in the typical parameter value was determined, according to Equation (2):
for an individual i, θ1 is the typical value for an individual in the absence of the covariate and θ2 is the fractional change in the typical value.
from all NONMEM runs (with successful and unsuccessful minimization) were reported. A visual predictive check was performed by simulating 1000 datasets using the final model and covariates, dosing times, and PK sampling times contained in the dataset to evaluate the predictability of the model. The statistics (e.g., median and the 90th percentile interval) of the observations and model-simulated predictions that were calculated from the entire data set (all participants) at each time point were compared.
All inter-individual error terms in this analysis were described by an exponential error model, or log-normal parameter distribution (Equation (3)).
where:
Pi is the estimated parameter value for individual I; TVP is the typical population value (geometric mean) of the parameter;
Results η
pi are individual-specific inter-individual random effects for individual i and parameter P and are assumed to be distributed: η ~ N (0, ω 2 ) with covariance defined by the inter-individual covariance matrix Ω.
The median concentration of MTX measured at 24 hr post-dose was 0.43 μM (range: 0.12 -14). MTX concentration-time pharmacokinetic data were best described by a linear two-compartment population PK model with first-order elimination from the central compartment. Due to the limited data in POP PK model, the inter-compartment clearance between central and peripheral compartment values was fixed. Also the inter-individual variability was estimated only for the clearance and volume of central compartment. The model estimated parameters are listed in Table 2 .
For PK observations in this analysis, the residual error model was described by a proportional error model (Equation (4)).
where: A bootstrap resampling technique (n = 1000) was applied as internal validation to the final POP PK model and the 95% confidence intervals for the estimates were calculated.
The diagnostic plots showing population pharmacokinetic model are shown in Figures 1-3 . The bootstrap replicates (1000 runs) were generated by sampling randomly from the original data set using the individual as the sampling unit. Population parameters of the final PK model for each data set were estimated using NONMEM. This resulted in a distribution of estimates for each population model parameter. Empirical 95% CIs was constructed by obtaining the 2.5th and 97.5th quantiles of the resulting parameter distributions. Estimates Figure 1 shows better alignment of data points on the identity line in case of plotting the observed MTX concentrations versus individual predicted (IPRED) than population predicted (PRED) concentrations. This finding indicates good predictive performance of the final model. of the weighted residuals (WRES) for the final model. The distribution of WRES is plotted against the independent variable (Time) and population prediction (PRED) and a trend in the data around the zero line was observed in the two plots. The model is considered good if the residuals are distributed uniformly along the zero line and within ±4 on y axis. For very good model most of the data point should be within ±2 (within 2 standard deviation). Figure 3 shows the relationship between the pharma- cokinetic parameters and all the covariate in the dataset. The selection of the covariate was based on this plot. The covariates analysis showed effect of body surface area and sex on the clearance and weight on volume of distribution reflecting that these demographic factors are important in assessing the pharmacokinetics of MTX in Egyptian children with lymphoblastic leukemia. The POP PK model was validated by the bootstrap re-sampling technique with 1000 runs. More than 95% runs were successful and the individual estimates obtained from model were within 95% CI of the bootstrap runs ( Table 2) .
Figures 2 defines the scatter distribution around zero
According to the above pharmacokinetic analysis, the final model elaborated to include body surface area and sex for the clearance (CL) and weight for the volume of distribution (V 1 ) is as follows: 
Discussion
The current pharmacokinetic study allowed us to recognize the average clearance and volume of distribution of MTX in Egyptian pediatric patients with acute lymphoblastic leukemia and treated primarily with MTX. The lower value of MTX PK parameters (CL & V 1 ) in Egyptian children studied though the normal renal function may be attributed to many factors. One of them is a possible mis-fitness of the elaborated model in kinetic analysis of the available data, especially a single concentration data of the drug (mainly at 24 h post-dose) was the principal data point available and utilized in the analysis. However, against this hypothesis is the good predictive performance of the model as defined in Table  2 for the residual error, bootstrap re-sampling analysis and confidence interval as well as the well fitting between the observed MTX concentrations and correlated individual predicted concentrations (as defined in Figure  1) . But, still the concept that a limited number of patients associated with limited sampling data can create a noisy situation in population PK analysis should be considered when interpreting the results [19, 20] .
Genetic factors may also affect MTX disposition. Human multidrug resistance-related protein 2 (MRP2, encoded by ABCC2) is involved in the transport of anionic drugs such as MTX. Genetic variants (like rs717620) of ABCC2 can affect the population pharmacokinetic modeling MTX. ABCC2-24T allele (rs717620) had a combined influence on both MTX elimination and distribution. The MTX clearance and distribution volume were significantly higher in carriers of at least one copy of the -24T allele as compared with noncarriers [21] . Furthermore, SLCO1B1 is a transporter involved in MTX elimination and in a genome-wide association study of children with ALL, SLCO1B1 has been identified as harboring multiple common polymorphisms associated with methotrexate clearance [22] . In a group of children with ALL and administered MTX, deep resequencing of SLCO1B1 exons identified 93 single nucleotide polymorphisms (SNPs), 15 of which were non-synonymous (NS). Three of these NS SNPs were common, with a minor allele frequency >5%, one had low frequency (1% -5%), and 11 were rare (<1%). NS SNPs (common or rare) predicted to be functionally damaging were more likely to be found among patients with the lowest methotrexate clearance than patients with high clearance [23] .
The inter-individual variability in clearance of MTX is highly variable. In our study, the variability in MTX CL was 22.9% which is lower than the high variability values reported in literature for MTX clearance which average was >40% [18, 23] .
The volume of distribution (V c ) was 5.74 L with an inter-individual variability of 30.3% which both are lower than other studies where variability was >40% [18, 23] .
The limitation in the number of patients (n = 41) included in the study and sampling data may be important factors to explain the low inter-individual variability in MTX CL among Egyptian children (22.9%) compared with literature values in the same age group (>40%) [4, 10, 18, 23] . (The lower inter-individual variability in clearance in our study (22.9%) compared with other As mentioned before, limitation in number of patients studied (n = 41) and one single point utilization in population pharmacokinetic analysis may create a noisy situation in PK analysis where they can give rise to qualitative but not quantitative information about PK parameters [20, 21] .
In conclusion: A pharmacokinetic model for Methotrexate high dose administration to Egyptian children with acute lymphoblastic leukemia has been elaborated. It can help in dose adjustment. However, the study needs further extension in two ways: 1) More patients to be included with enrichment of methotrexate concentration data for more validity of data analysis; 2) A design of genetic study to identify to what extent genotyping style of methotrexate transporters can affect drug pharmacokinetics.
